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Highly ordered rutile TiO2 nanorod arrays (NRAs) are promising architectures in dye-sensitized solar cells
(DSCs). However, the efficiency of DSCs based on such photoanodes is still relatively low, largely due to
the limited internal surface area. Herein, we report that highly oriented rutile TiO2 NRAs with film
thickness up to 30 mm was developed by a facile hydrothermal method. More importantly, an
optimized porous rutile TiO2 NRAs with a large internal surface area was fabricated on the FTO
(fluorine-doped tin oxide) substrate via a secondary hydrothermal treatment and when applied as the
photoanodes in DSCs, a record efficiency of 7.91% was achieved.Broader context
One-dimensional (1-D) single-crystalline rutile TiO2 nanorod arrays (NRAs) have attracted much attention in various applications due to its unique opto-
electronic properties, such as sensors, photocatalysts, electrochromism, ultraviolet photodetectors, solar water splitting, self-cleaning coatings and solar cells.
In general, a large surface area is of great signicance in most of its applications that require sufficient reaction sites on the surface of TiO2. In our present work,
we provide a facile hydrothermal method for preparation of rutile TiO2 NRAs with a high surface area. Our strategies focused on developing thicker rutile TiO2
NRAs by proper treatment of the FTO substrates and adopting a hydrothermal etching route for further enhancing its surface area. The selective etching route
introduced in our work may become a general method for developing other wide-band semiconductor nanorod/nanotube materials (e.g. ZnO, Nb2O5, SnO2 and
TiO2 with other crystal phases) with a large surface area, which would be highly benecial for their applications in solar water splitting, photocatalysts or dye-
sensitized solar cells. Moreover, such a material provided in this report (i.e. 1-D single-crystalline rutile TiO2 NRAs) may nd its promising applications in the
related energy and environmental applications due to its well-dened porous array structure and large surface area.Introduction
Dye-sensitized solar cells (DSCs) have been extensively investi-
gated during the past two decades due to their excellent
chemical stability, low-cost, and high efficiency of solar energy
conversion.1–3 Titanium dioxide (TiO2) mesoporous photo-
anode, which is traditionally used in state-of-the-art DSCs,
largely determines the performance of DSCs by providing a
large internal surface area for dye-loading and acting as an
electron-transfer medium.1 DSCs based on the mesoporous
TiO2 nanoparticles (NPs) lms, despite high efficiencies, have
been suffering from severe photo-generated electron recombi-
nation due to enormous grain boundaries in the random
network architectures.4–7 Thus, much research has recentlyistry of Solid Surfaces, Department of
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Chemistry 2013been devoted to developing one-dimensional (1-D) highly
ordered TiO2 nanomaterials with the advantages of enhanced
charge collection and efficient electrolyte penetration, such as
polycrystalline TiO2 nanotube arrays (NTAs), anatase TiO2
nanorod arrays (NRAs) and single-crystalline rutile TiO2
NRAs.8–15 Although the TiO2 nanotube array lm facilitates
charge collection, it suffers from a low surface area as compared
with TiO2 nanoparticle lms with a similar thickness.16 A high
efficiency of 7.75% was previously achieved using anodic poly-
crystalline TiO2 NTAs on Ti substrates, whereas severe light
losses were inevitable due to the back-illuminated DSC geom-
etry, which limited their further improvement.17 Moreover, toxic
electrolyte with uorinions and complex processes for prepa-
ration were required. Accordingly, efforts were made to prepare
polycrystalline TiO2 NTAs on FTO substrate with lm thicker
than 20 mmby anodization as well as template methods, but the
efficiencies were still less than 7%.18,19 On the other hand,
although some progress in fabricating anatase TiO2 NRAs on Ti
foils or FTO substrates had been made using the alkali hydro-
thermal method, the efficiencies were still unsatisfactory
(#6%). In terms of 1-D TiO2 nanorod arrays, it is still a chal-
lenge to grow single-crystalline anatase TiO2 nanorod arrays
directly on the transparent conductive substrates whch isEnergy Environ. Sci., 2013, 6, 1615–1622 | 1615












































View Article Onlinecrucial for front-illumination DSC geometry.20–22 On the other
hand, single-crystalline rutile TiO2 NRAs have attracted exten-
sive investigation and have shown promising applications in
sensors, photocatalysts, electrochromism, ultraviolet photode-
tectors, solar water splitting, self-cleaning coatings and solar
cells.23–29 There are several advantages for single-crystalline
rutile TiO2 NRAs in DSC applications. First, single-crystalline
rutile NRAs could be grown on a transparent conductive
substrate directly at a relatively low hydrothermal temperature
and still maintain a well-crystallinity. Second, single-crystalline
rutile TiO2 NRAs are promising in DSC applications by
providing well-crystallized continuous conductive pathways for
the extraction of photo-generated electrons, which is expected
to alleviate recombination by reduced grain boundaries and
enhanced charge collection efficiency.29–31 Recent research
shows that the electron diffusion length of rutile TiO2 NRAs is
about 5 times larger than that of rutile TiO2 nanoparticle (NP)
lm.32 Since the electron diffusion length is the average
distance of an electron transport before recombination with
oxidized species, a longer electron diffusion length usually
indicates good collection efficiency, which is one of the key
parameters for a high-performance DSC.32,33 Third, the 1-D
rutile TiO2 NRAs may be benecial for electrolyte penetration,
especially when a solid hole conductor is used in the solid-state
DSCs. Furthermore, an open circuit voltage (Voc) as high as 0.87
V was also reported for DSCs based on the rutile TiO2 NRAs with
proper Ta-doping.33 However, the corresponding efficiencies
were still less than 6%, mainly resulting from an insufficient
internal surface area.10,34–37 Moreover, as single-crystalline rutile
TiO2 NRAs have been applied in sensors, photocatalysts, elec-
trochromism, ultraviolet photodetectors, solar water splitting
and self-cleaning as well, effectively enhancing their internal
surface area is also of great signicance to improve the perfor-
mance in these applications.
Although much progress in recent years has been witnessed
on preparing longer rutile TiO2 NRAs by a solvothermal method,
their internal surface area is still low due to fusing of adjacent
TiO2 nanorods (NRs) in prolonged solvothermal duration and
thus the corresponding efficiencies were far below 6%.31,34,35,38,39
Moreover, usually a toxic organic solvent was used in the sol-
vothermal method, which is detrimental for scaling up in
practical applications.31,34 In contrast, a hydrothermal tech-
nique provides an environment-benign solution by replacing
the organic solvent with ordinary water, however the thickness
of rutile TiO2 NRAs lm prepared by the hydrothermal method
was lower than 10 mm and it is difficult to effectively enhance
their surface area for improving the corresponding DSC
efficiency.29,34,40
Herein, we demonstrated that single-crystalline rutile TiO2
NRAs with lm thickness up to 30 mm were successfully
prepared on FTO substrates by a one-pot hydrothermal method.
Moreover, we found that the rutile TiO2 NRAs with a large
surface area were able to be developed by a further etching
treatment of the as-prepared lms, leading to the formation of
densely aligned 1-D porous rutile TiO2 NRAs. A record efficiency
of 7.91% for the DSCs based on the 1-D porous rutile TiO2 NRAs
photoanode was also achieved.1616 | Energy Environ. Sci., 2013, 6, 1615–1622Experimental
Preparation of densely aligned 1-D rutile TiO2 NRAs
FTO substrates (1 cm  1.5 cm, Nippon Sheet Glass, Japan; 14
ohm per square) were well cleaned in acetone, ethanol and
deionized (DI) water each for 15 min ultrasonically, followed by
immersion into an aqueous solution of 0.2 M TiCl4 and then
keeping at 70 C for 30 min. The TiCl4-treated FTO substrates
were annealed in air at 550 C for 1 h and ultrasonically cleaned
again in DI water for 5 min and dried. Then the substrates were
xed onto a home-made Teon-socket with conductive sides
facing down (Fig. S6†). Titanium tetrachloride (TiCl4, 3 ml) was
slowly added into a mixture of 30 ml DI water and 30 ml HCl
(36.0–38.0 w%), followed by stirring vigorously for 3 h. Then, the
Teon-socket and the hydrothermal solution were transferred
into a 100 ml autoclave and hydrothermal treatment was con-
ducted at 150 C for 6–48 h. The as-prepared samples were
rinsed extensively with DI water and dried.
Preparation of 1-D porous rutile TiO2 NRAs
The as-prepared rutile TiO2 NRAs were immersed into a solu-
tion of 20 ml DI water and 40 ml HCl (36.0–38.0 w%) and
hydrothermally treated at 150 C for 3–9 h. Aer the hydro-
thermal reaction nished, the samples were rinsed extensively
with DI water and dried in air.
Preparation of TiO2 nanoparticle (NP) lms and assembling of
DSCs
0.5 g of commercial TiO2 (Degussa P25) was mixed with 0.5 g
polyethylene glycol (PEG20000), 1 ml DI water and 1 ml ethanol,
followed by stirring magnetically for 3 h. The TiO2 paste was
coated on TiCl4-treated FTO substrates by doctor-blading.
Scotch tapes were used to control the thickness of the TiO2 NP
lms. For comparison, 21 mm thick lms were prepared. All
the as-prepared samples were annealed at 450 C for 2 h before
dye-sensitization. The detailed assembling processes for DSCs,
the preparation method of Pt-coated counter electrode and the
information of used liquid electrolyte were similar to our
previously published article.34 Specically, a 0.3 mM ethanolic
solution of cis-bis(isothiocyanato)bis(2,20-bipyrridyl-4-40-dicar-
boxylato)-ruthenium(II)bis-tetrabutylammo-nium dye (N719,
Solaronix) was used as a sensitizer. The electrolyte adopted here
was based on an iodide/triiodide redox system in acetonitrile
(60–70 w% acetonitrile, 20–25 w% DMPII, 1–4 w% LiI, 5–10 w%
tert-butylpyridine and 1–4 w% I2), which is commercially avail-
able (CJX-EH, CasJuxin Solar Technology Co., LTD, China).
Characterization
Morphological observation was carried out by a eld-emission
scanning electron microscope (FESEM, HITACHI S-4800).
Transmission electron microscopy (TEM) images, high-reso-
lution (HR) TEM images and selected-area electron diffraction
(SAED) patterns of the un-etched and 7 h etched rutile TiO2
NRs were obtained on a transmission electron microscopy
(JEOL JEM-2100) with an accelerating voltage of 200 kV. XRD
patterns were examined by X-ray diffraction (XRD, PanalyticalThis journal is ª The Royal Society of Chemistry 2013












































View Article OnlineX'pert PRO). Photocurrent density–voltage ( J–V ) curves were
recorded under AM 1.5G simulated solar light (100 mW cm2,
Oriel 300 W Xe lamp and Newport AM-1.5G lter). UV/vis
absorption spectra of N719 dye-desorption solutions were
measured on a UV-vis absorption spectrophotometer (Shi-
madzu 2550). Diffuse reectance spectra of the TiO2 NRAs and
the P25 lm (without dye-sensitization) were measured on a
UV-vis-NIR spectrophotometer (Varian Cary 5000), with inci-
dent light illuminating from the TiO2 side. UV-vis absorbance
spectra were obtained by the same UV-vis-NIR spectropho-
tometer with incident light illuminating from the TiO2 side
and the TiO2 NRAs and the P25 lm were sensitized by N719
dyes before the measurement. Electrochemical impedance
spectra (EIS) were measured on an electrochemical worksta-
tion (Autolab, PGSTAT30, Metrohm) equipped with an Autolab
LED driver kit. EIS measurements were carried out at open
circuit conditions under illumination of a 627 nm LED light
and the frequency range was set from 0.01 to 105 Hz. The EIS
spectra were tted by a ZSimpWin soware using an equiva-
lent circuit.Results and discussion
As shown in Scheme 1(a), three simple steps are needed to
prepare the optimized porous rutile TiO2 NRAs lm with suffi-
cient thickness: pre-coating a TiO2 layer on the FTO substrate
(step 1), hydrothermal growth of the rutile TiO2 NRAs (step 2)
and etching treatment of the as-prepared lm (step 3). The
morphological development of a single TiO2 NR resulting from
etching is shown in Scheme 1(b), in which a solid TiO2 nanorod
(NR) transforms into a porous one and the formation mecha-
nism will be discussed later. In step 1, such pre-treatment of the
substrate was modied based on a previous method and was
performed by immersing FTO substrates in a 0.2 M TiCl4
aqueous solution and keeping for 30 min at 70 C, followed by
annealing at 550 C for 60 min and then ultrasonically cleaning
for 10 min in deionized water.31 We found that the pre-treat-
ment was indispensable to achieve a rmly attached thick rutile
TiO2 NRAs lm on the FTO substrate (>20 mm). The ultrasonical
cleaning used here is able to remove the pollutants deposited
on the FTO substrate during the operational processes and,
more importantly, to clear away the loosely attached TiO2 NPsScheme 1 (a) Processes of preparing 1-D porous rutile TiO2 NRAs. (b) Morpholog
This journal is ª The Royal Society of Chemistry 2013existing in the compact TiO2 layer, which are crucial for the
enhancement of the lm adhesion. Such assumption is based
on the fact that the TiO2 NRAs lm grown on the substrates
without any ultrasonical treatment tends to be partly detached.
The hydrothermal method used in step 2 is similar to our
previous work.35 However, in order to prepare a thicker lm
(>20 mm) in a one-pot hydrothermal process, the volume of
added TiCl4 was increased to 3 ml. The etching treatment used
in step 3 is crucial for enlarging the surface area of the as-
prepared rutile TiO2 NRAs, which largely determines the DSC
performance.
Time-dependent experiments were rst performed to study
the relationship between the hydrothermal duration and the
lm thickness of the rutile TiO2 NRAs, and the temperature was
xed at 150 C (Fig. S1†). While the hydrothermal duration was
set to 3, 6, 12, 20 and 30 h, the lm thickness of the as-prepared
TiO2 NRAs was around 7, 14, 21, 27 and 30 mm, respectively.
Almost no increase of the lm thickness was observed by
further prolonging the hydrothermal duration to 48 h. It is
worth noting that a 30 mm thick lm was achieved in a one-pot
hydrothermal process, while normally a multistep hydro-
thermal treatment with 40 h had previously been needed to
prepare a 6 mm thick lm.41 Rapid growth of the rutile TiO2
NRAs was also observed by simply elevating the hydrothermal
temperature from 150 to 180 C and 15 mm thick lms was
obtained within 3 h (Fig. S2†), which is, to our best knowledge,
the fastest growth speed of the rutile TiO2 NRAs by a hydro-
thermal method and this may be attributed to the fast hydro-
lysis of TiCl4 over the other Ti
4+ precursors. Moreover, it was
found that simply refreshing the hydrothermal solution can
lead to thicker rutile TiO2 lms. As shown in Fig. S13,† 74 mm
rutile TiO2 NRA lm was achieved by refreshing the hydro-
thermal solution with a total hydrothermal duration of 46 h,
which is so far the thickest TiO2 rutile NRA prepared by the
hydrothermal method. The lm thickness can be further
increased using more hydrothermal circles by refreshing the
hydrothermal solution.
The optimum lm thickness for 1-D rutile TiO2 NRAs was
predicted to be about 20 mm when applied as photoanodes in
DSCs.42 Therefore, the hydrothermal reaction of 12 h was con-
ducted to obtain a sufficiently thick lm of rutile TiO2 NRAs for
further experiment and combined with an etching process toical development of single TiO2 NR by step 3.
Energy Environ. Sci., 2013, 6, 1615–1622 | 1617












































View Article Onlineenlarge its surface area. Fig. 1 shows detailed SEM images of the
7 h etched lm. Images (f) and (h) are magnied views corre-
sponding to the white rectangular frame marked on image (e)
and image (g), respectively. The insets show the corresponding
enlarged SEM images of un-etched and 7 h etched TiO2 NRAs.
For the un-etched TiO2 NRAs, the lm thickness was 21 mm
and the TiO2 nanorods (NRs) with diameters ranging from 90–
180 nm were uniformly distributed and densely aligned against
the FTO substrate (Fig. 1a and b). Interestingly, the 7 h etched
lm shows no signicant reduction on the lm thickness,
whereas thinner NRs with a diameter ranging from 20–60 nm
are obviously observed on the top (Fig. 1c and d). Moreover, a
porous structure was formed in the middle and bottom of the
lm aer 7 h etching treatment, while the un-etched NRs were
continuous across their entire length (Fig. 1e–h). Actually, other
etching durations such as 3, 5, and 9 h were also adopted in the
experiment (Fig. S3†). The concentrated HCl in the etching
solution plays an important role in the etching experiments.
The rutile TiO2 NRA lm with a 9 h etching duration was partly
detached (Fig. S9†), which may result from the etching from the
sides of the rutile TiO2 NRA lm. Moreover, it was found that
raising the concentration of HCl in the etching solution leads toFig. 1 (a, b, e and f) FE-SEM images of 1-D rutile TiO2 NRAs prepared on FTO
substrate at 150 C for 12 h. (c, d, g and h) 1-D porous rutile TiO2 NRAs prepared
at 150 C for 12 h, followed by 7 h etching in a solution of 20 ml H2O and 40 ml
HCl at 150 C. (e and f) The cross-sectional SEM images of the un-etched film. (g
and h) The cross-sectional SEM images.
1618 | Energy Environ. Sci., 2013, 6, 1615–1622the complete detachment of the TiO2 NRA lms (Fig. S9†). Also,
it was found that the FTO conductive layer is relatively stable
upon etching treatment of the concentrated HCl solution, since
conductivity was not weakened aer etching for 7 h at 150 C in
a 60 ml concentrated HCl solution (36.0–38.0 w%). Fig. 2 shows
XRD patterns of the un-etched and 7 h etched TiO2 NRAs,
indicating that the as-prepared samples, regardless of the
etching treatment, can be assigned to the rutile phase (PDF le
#01-087-0710, P42/mnm, tetragonal). The (002) diffraction peak
at 62.9 with high intensity suggests that the rutile TiO2 NRs are
highly oriented against the FTO substrate.
As further conrmed by the TEM observation, the etching
treatment transforms a continuous TiO2 NR into a porous one
(Fig. 3). The porous structure of the TiO2 NR presented in
Fig. 3(e and f) is much more evident than that in Fig. 3(c and d),
suggesting that the former TiO2 NR may have been near the top
of the lm and thus suffered from more serious etching effect.
The TiO2 NR before and aer etching have the same single-
crystal rutile phase and lattice fringes corresponding to {110}
planes can be clearly distinguished from the HRTEM images,
indicating the preferred growth of the rutile TiO2 NRs along a
[001] direction. It is generally recognized that the rutile TiO2 NR
is formed by compactly bunched secondary NRs with much
smaller diameters.43,44 The etching treatment in our case seems
to split apart the secondary NRs from each other, which was
also observed in our previous report.35 Actually, other etching
conditions were attempted such as saturated NaCl aqueous
solution and 4 mol l1 aqueous solution of sulphuric acid
(Fig. S11†). The rutile TiO2 nanorods seem to be corrosion-
resistant in the saturated NaCl solution. However, a similar
etching effect was observed when sulphuric acid was used as
the etching reactants. A possible reaction has been presented
below:
TiO2 + H2SO4 / TiOSO4 + H2O (1)
When increasing the concentration of sulphuric acid to
8 mol l1, the rutile lms were dissolved completely aer 7 h
etching at 150 C.Fig. 2 XRD patterns of the as-prepared21 mmun-etched TiO2 NRAs (a) and 7 h
etched TiO2 NRAs (b).
This journal is ª The Royal Society of Chemistry 2013
Fig. 3 TEM and HRTEM images of (a and b) un-etched rutile TiO2 NR, (c–f) 7 h
etched rutile TiO2 NR. Inset images of (a) and (b) showing the corresponding
SAED patterns and inset of (c) showing a magnified image. Enlarged views of the
areas marked by a white rectangular frame are listed on the left.
Fig. 4 J–V characteristics of DSCs based on rutile TiO2 NRAs with different
etching duration and P25 TiO2 NP film.












































View Article OnlineA possible explanation for the morphological transformation
of the rutile TiO2 NRAs upon etching is proposed as follows.
There may be more crystal defects existing in the grain
boundaries of the adjacent secondary NRs and these sites are
favoured with higher reactivity upon HCl etching treatment.43
As adequate contact with etching solution is available for the
NRs near the top of the lm, a single rutile TiO2 NR near the top
can be easily transformed into individual secondary NRs with a
reduced diameter. However, the contact with the etching agent
in the middle and bottom of the TiO2 NRs is not readily
accessible, which results from the good continuity of the TiO2
lm constructed by compactly aligned TiO2 NRs, and thus the
points of NRs with high concentration of crystal defects are
etched preferentially, leading to incomplete splitting of the
secondary NRs and formation of a porous structure. The
explanation is supported by another discovery from our exper-
iment. Annealing treatment is frequently used for enhancing
the crystallinity of rutile TiO2 NRAs.29,31 We found that if the
etching treatment was performed on annealed rutile TiO2 NRAs,
only small morphological changes occurred, indicating that
enhanced crystallinity and reduced crystal defects by annealing
treatment made the lms more corrosion-resistant. Actually,This journal is ª The Royal Society of Chemistry 201330 mm rutile TiO2 NRAs were also successfully prepared by a
secondary hydrothermal process with a refreshed growth solu-
tion and a second layer of the rutile TiO2 NRAs could be readily
grown on the rst layer without any detachment, but attempts
to enlarge their surface area by etching treatment failed due to
preferential etching in the interface between the two layers,
leading to the detachment of the rst layer (Fig. S4†).
Aer annealing treatment, the rutile TiO2 NRAs with 0, 1, 3,
5, 7 and 9 h etching treatment were applied as photoanodes of
DSCs. Commercial P25 TiO2 NP lm (21 mm) was used for
comparison (Fig. S5†). For simplication, the DSCs assembled
with these photoanodes are denoted as DSC-0, DSC-1, DSC-3,
DSC-5, DSC-7, DSC-9 and DSC-P25, respectively. The DSC based
on the non-annealed 7 h etched photoanode is also included
and denoted as non-annealed. Fig. 4 shows the photocurrent
density–voltage ( J–V) curves of the assembled DSCs. The
detailed photovoltaic parameters are listed in Table 1.
The efficiencies of the DSCs based on the 0 h, 1 h, 3 h, 5 h, 7
h, 9 h etched photoanodes and P25 TiO2 NP lm are 2.35, 3.42,
6.61, 7.42, 7.91, 7.25 and 6.59%, respectively. Although different
etching duration has no signicant effect on the ll factor (FF)
values of the DSCs, the short-circuit current density ( Jsc) is
markedly enhanced by etching, achieving a peak value of 20.49
mA cm2 in DSC-7. The open-circuit voltage (Voc) values of the
DSCs based on the etched TiO2 NRAs are similar to each other
(around 0.70 V) and lower than that of the P25 lm (0.75 V) and
the un-etched TiO2 NRAs (0.79 V). It is worth noting that, such
an efficiency of 7.91% is obtained by the original rutile TiO2
NRAs without any further post-treatment of TiCl4, NbCl5 or O2
plasma exposure, which has frequently been used in a previous
report to further improve the performance of DSCs.45–47 Dye-
loading measurements were also performed by dye-desorption
according to the previous report.36 The results indicate that
the 7 h etched TiO2 NRAs (133.46 nmol cm
2) have the best
dye-loading ability, superior to that of the P25 lm (102.08 nmol
cm2) and 7 times larger than that of the un-etched one
(18.77 nmol cm2). Thus, a superior dye-loading ability is a key
factor in achieving a high performance DSC. In spite of many
other factors that inuence the Jsc value, it can be found that the
Jsc is almost proportional to the dye-loading amount, except forEnergy Environ. Sci., 2013, 6, 1615–1622 | 1619
Table 1 Detailed photovoltaic parameters of DSCs based on TiO2 NRAs with
different etching duration and P25 NP film under illumination of simulated solar
light (100 mW cm2, AM 1.5G)
Sample Voc (mV)
Jsc
(mA cm2) FF (%) h (%)
Dye-loading
(nmol cm2)
DSC-0 0.79 5.88 50.87 2.35 18.77
DSC-1 0.78 9.44 46.26 3.42 35.12
DSC-3 0.71 16.45 56.42 6.61 99.60
DSC-5 0.70 20.19 52.19 7.42 123.90
DSC-7 0.71 20.49 54.54 7.91 133.46
DSC-9 0.69 19.36 53.91 7.25 118.97
DSC-P25 0.75 12.67 69.79 6.59 102.08
Non-annealed 0.60 7.49 61.32 2.74 238.52
Fig. 5 (a) Diffused reflectance spectra of P25 film (I), un-etched TiO2 NRAs (II)
and 7 h etched TiO2 NRAs (III). The TiO2 samples were not sensitized before the
measurements. (b) UV-vis absorbance spectra of dye-sensitized photoanodes: P25
film (I), un-etched TiO2 NRAs (II) and 7 h etched TiO2 NRAs (III). (c) Photograph of
dye-sensitized P25 film (left), 7 h etched TiO2 NRAs (middle) and un-etched TiO2
NRAs (right).












































View Article Onlinethe DSC based on the non-annealed TiO2 photoanode, which
will be discussed later. In general, unless an optimized dye-
loading amount is achieved, the performance of the DSCs may
be improved by enhancing the dye-adsorption capacity. IPCE
spectra of the DSCs based on the rutile TiO2 lms with 0, 3, 5, 7
and 9 h etching duration were compared as well, indicating a
similar variation tendency to the corresponding Jsc of the DSCs
(Fig. S16†). DSCs based on the 7 h etched rutile TiO2 NRAs
without any annealing treatment (i.e. non-annealed in Table 1)
were also tested with an efficiency of 2.74%. The dye-loading
measurement for non-annealed 7 h etched rutile TiO2 NRAs was
performed as well (238.52 nmol cm2), which was almost twice
as much as that of the annealed counterpart (133.46 nmol
cm2). The larger dye-loading value for the non-annealed
sample may be attributed to the fact that annealing treatment
will enhance the connectivity of the adjacent secondary TiO2
NRs and the porous TiO2 nanostructure by sintering the
secondary TiO2 nanostructures together, which in turn reduces
the internal surface area of the annealed lms. Despite the
larger internal surface area, the non-annealed sample exhibited
lower efficiency and an unsatisfactory Jsc value than the
annealed one, which may result from the inferior TiO2 crystal-
linity and more recombination sites.
The light-scattering ability of the photoanode is crucial for
efficient harvesting of the incident light, which can usually be
characterized by diffused reectance spectra.48 Although
higher efficiency has been achieved by the DSC-7 over the DSC-
P25, light-scattering ability for the 7 h etched TiO2 NRAs is
inferior to that of the P25 lm (Fig. 5a), suggesting better
performance can be highly expected by enhancing the light-
scattering of the 7 h etched TiO2 NRAs. When it comes to UV-
vis absorbance spectra of dye-sensitized photoanodes (Fig. 5b),
the 7 h etched TiO2 NRAs has absolutely the best light-har-
vesting ability in the range of 350–800 nm, which is mainly
attributed to its superior dye-loading ability and can be
empirically supported by a photograph of the dye-sensitized
photoanodes (Fig. 5c).
Electrochemical impedance spectra (EIS) of the assembled
DSCs were also performed (Fig. S13†). EIS has been extensively
employed to investigate the internal resistance that is correlated
with the charge-transfer kinetics in DSCs. There are two semi-
circles in the Nyquist plots. According to the previous reports,1620 | Energy Environ. Sci., 2013, 6, 1615–1622the small semicircles in the high-frequency region are attrib-
uted to the electron transfer at the oxide–electrolyte interface,
while the large semicircles in the low frequency region are
attributed to the redox reaction at the platinum counter elec-
trode.22 In our case, the third semicircle corresponding to the
Nernst diffusion within the electrolyte is not observed clearly.
The equivalent circuit used for tting the EIS results was shown
in Fig. S14,† in which Rs, R1 and R2 are corresponding to the
sheet resistance of the substrate, charge transfer resistance of
the platinum counter electrode and recombination resistance ofThis journal is ª The Royal Society of Chemistry 2013
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respectively.22 All the DSCs have a similar Rs value (3–4 U).
However, the recombination resistance (R2) of DSC-0 (94.12 U)
is much larger than that of the DSCs based on the etched rutile
TiO2 NRAs (6.13–12.51 U), indicating a severe electron recom-
bination process in the DSCs based on the etched lms.22 Since
the Voc value of DSCs is correlated with the recombination of
electrons in the conduction band of TiO2, we suppose that the
enhanced recombination in the DSCs based on the etched rutile
TiO2 NRAs may contribute to the signicant reduction of Voc
value between DSC-0 and DSCs based on the etched photo-
anodes.49,50 According to the EIS results, it could be concluded
that there is a compromise between the large internal surface
area in the rutile TiO2 NRAs and the suppressed electron
recombination. The etching treatment introduced in our
present work remarkably augmented the internal surface area
of the rutile TiO2 NRAs, which simultaneously increased the
recombination sites at the surface of TiO2 and the contact area
between the rutile TiO2 and the redox couple in the electrolyte,
leading to severe recombination of photo-generated electrons.
Despite this disadvantage caused by etching treatment, higher
efficiencies were achieved by DSCs based on the etched rutile
TiO2 NRAs compared to DSC-0, implying that further improve-
ment can be highly expected by suppressing the electron
recombination process.Conclusions
In conclusion, we demonstrated, for the rst time, that single-
crystalline rutile TiO2 NRAs with a lm thickness of up to 30
mmcan be successfully prepared on the FTO substrate through a
one-pot hydrothermal method. A method for rapid growth of
rutile TiO2 NRAs by hydrothermal treatment is provided as well.
Moreover, densely aligned porous rutile TiO2 NRAs with a high
internal surface area have been developed on the FTO substrate
with a record efficiency of 7.91% in the DSCs based on the
original rutile TiO2 NRA photoanodes. Further improvement
can be anticipated by enhancing the light-scattering, improving
the open circuit voltage and ll factor of the DSCs, some of
which is now underway in our lab. The densely aligned porous
rutile TiO2 NRAs are affirmatively promising for applications in
many other related elds where a large inner surface area and
efficient electron transport are required.Acknowledgements
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